Experimental demonstrations of silicon-on-insulator waveguide-based free-carrier effect modulators operating at 3.8 μm are presented. PIN diodes are used to inject carriers into the waveguides, and are configured to (a) use free-carrier electroabsorption to create a variable optical attenuator with 34 dB modulation depth and (b) use free-carrier electrorefraction with the PIN diodes acting as phase shifters in a MachZehnder interferometer, achieving a V π L π of 0.052 V · mm and a DC modulation depth of 22 dB. Modulation is demonstrated at data rates up to 125 Mbit/s.
For several years, there has been rapid progress in the development of a library of silicon-on-insulator (SOI) waveguide-based building blocks for photonic integrated circuits (PICs) that can operate in the mid-infrared (mid-IR), since the mid-IR portion of the electromagnetic spectrum is of great interest for a variety of practical applications [1] . Although much of the research effort in this field has been devoted to developing alternative material platforms, SOI is transparent at approximately 1.1-2.7 and 3.0-4.0 μm [1, 2] and, if the waveguide is engineered for high mode confinement in Si instead of SiO 2 , it can even be used up to 6 μm [3] . If the SiO 2 lower cladding is removed, SOI can be used up to nearly 8 μm [4] . Because of the wide use of SOI for near-infrared (NIR) silicon photonics, SOI should still be considered to be the first choice when building PICs that are required to operate at wavelengths at which it is transparent.
To date, one aspect of mid-IR SOI technology that has not been adequately explored is effective modulation, which is a key functionality in many PICs. In the SOI platform, modulators exploiting the injection, depletion, or accumulation of free carriers have become dominant in the NIR [5] [6] [7] . We have recently demonstrated depletion type modulators operating at 20 Gbit/s in Ref. [8] and, to the best of our knowledge, to date, the longest wavelength at which silicon-based freecarrier modulators have been demonstrated is 2165 nm [9] . In the mid-IR intensity modulation or phase shifting may be important for circuits designed for free-space communication, signal processing functionality (e.g., acting as a broadband on-chip "chopper" in a lock in amplifier system), phased arrays for beam steering [10] , or switching such as in circuits such as the Fourier-transform spectrometers proposed in Ref. [11] . We previously proposed predictions for the sizes of the free-carrier electroabsorption and electrorefraction effects in Si in Ref. [12] but, to date, these equations have not been experimentally verified beyond 2 μm [13] . From Ref. [12] , the strength of the freecarrier effect is expected to be approximately proportional to the square of the wavelength so that, for the same change in carrier concentration, mid-IR modulators should be more effective than NIR modulators. In this Letter, therefore, we have designed and fabricated free-carrier injection modulators working at ∼3.8 μm (near the edge of SOI's transparency range). In Ref. [14] , we have presented an initial demonstration of an SOI electroabsorption modulator operating under DC conditions. Here we also show the operation of an electrorefraction modulator, demonstrate AC modulation of both, and present a thorough investigation of the experimental device performance and compare it against the predictions of Ref. [12] .
Design and simulation: Two types of free-carrier modulators were designed, both exploiting free-carrier injection into waveguides using a PIN diode. The first modulator operates as a variable optical attenuator (VOA) in which carriers injected into the waveguide core absorb the propagating light. The second modulator was an asymmetric Mach-Zehnder interferometer (MZI) with PIN diodes placed in each arm, in which carriers are injected into the waveguide in one of the MZI arms in order to change the refractive index of the Si in the waveguide core, creating a phase shift in the waveguide arm. The MZI then converts the phase shift into an intensity shift.
Modulator layout designs: The electroabsorption modulator is simply a waveguide with an integrated PIN diode. In order to reduce the on-chip length of the device, the waveguide and PIN diode were wrapped into a spiral shape, as shown in the optical microscope image in Fig. 1(a) . In this way, a 2.0 mm long diode was wrapped into a circular area with a diameter of 230 μm. The minimum waveguide bend radius at the center of the spiral was 20 μm, and the edge-to-edge separation between waveguides in adjacent loops of the spiral was 16 μm; thus, there was sufficient space to position the doping through oxide vias and metal tracks between the waveguides. The electrorefraction modulator MZI is shown in Fig. 1(b) . In this case, the PIN diode length is only 100 μm, and there is a 350 μm arm length difference (ΔL) between the two MZI arms. In both implementations, the layouts were designed so that the metal electrodes do not pass directly over the waveguides, as at this wavelength the 1 μm thick top cladding is too thin to isolate the waveguide mode from seeing the metal.
PIN diode cross section: The PIN diodes were designed to have a cross section, as shown in Fig. 2 . The SOI wafers had a Si device layer thickness of 340 nm, the buried oxide layer was 2 μm thick, the etch depth was 140 nm, and the waveguide width was 1175 nm. The layer thicknesses were chosen for compatibility with commercial foundry services. Simulations using the Lumerical Mode Solutions software EME solver [15] showed that these waveguides would support the fundamental TE mode only. The SiO 2 top cladding thickness was 1 μm. The P++ and N++ Ohmic contact regions had doping concentrations of 1e20 cm −3 of boron and 9e19 cm −3 of phosphorus. The Si had an n-type background doping of 1.5e17 cm −3 .
The most important design parameter was the separation of the Ohmic contact regions from the waveguide core, marked S on Fig. 2 . When S is small, these highly doped regions overlap with the waveguide optical mode and contribute excess loss and, since the waveguide mode area scales with the wavelength, the Ohmic contacts must be placed further away from the waveguide core than in an equivalent NIR device. However, as S increases, both the volume of the intrinsic region into which carriers are injected and the PIN junction resistance increase, reducing the modulator efficiency and frequency bandwidth.
Figure 3(a) shows the excess loss due to Ohmic contact doping for varying S, simulated using Lumerical Mode Solutions. The absorption coefficient and the refractive index of the implanted P++ and N++ regions due to implanted carriers were calculated using Eqs. (4) and (5) and the parameters from Table 1 from Ref. [12] , where predictions of this relationship are given. Since Ref. [12] gives parameters at 3.5 and 4.0 μm, we used linear interpolation to approximate the parameters at 3.8 μm, giving the following equations: 
Δα is the change in the absorption coefficient (cm −1 ), Δn is the change in refractive index, and ΔN e and ΔN h are the changes in electron and hole concentrations (cm −3 ), respectively. Based on the simulated losses, we designed devices with S between 1.5 and 3.5 μm.
Experimental work and results: The devices were fabricated at the University of Southampton. E-beam lithography was used for all patterning steps. The waveguides, gratings, and through oxide vias were etched by inductively coupled plasma (ICP) etching. Ion implantation was carried out at the University of Surrey's Ion Beam Centre and, after fabrication, the implanted ion concentrations were verified by SIMS measurements. The electrodes consisted of a Ti, TiN, Al, Ti, and TiN stack, which was deposited by sputtering and patterned by ICP etching.
Experimental setup: We characterized the devices using our mid-IR experimental setup, which uses a quantum cascade laser that is tunable from 3715 to 3888 nm, and a custom-built Vigo Systems HgCdTe PVI-4TE-4 photodetector, which has a −3 dB bandwidth greater than 400 MHz. The optical part of the setup is described in much greater detail in Ref. [16] .
Passive device characterization: The waveguide loss was measured to be 11.5 dB/cm at 3720 nm, rising to 15.0 dB/cm at 3880 nm. A large part of this high loss is due to the 1.5e17 cm −3 n-type background doping, which we estimated using simulations would cause 7.0 dB/cm of loss at 3720 nm and 6.7 dB/cm at 3880 nm (since the mode confinement in the Si shrinks). Furthermore, the increasing loss across this range is likely the combined result of increasing the substrate leakage through the BOX, increasing mode interaction with the waveguide sidewalls, increasing the SiO 2 absorption coefficient [17] , and increasing the mode overlap with the lossy SiO 2 cladding. Indeed, simulations indicate that the substrate leakage would be expected to increase from 1.3 to 3.2 dB/cm over the same wavelength range, and the SiO 2 absorption loss would increase from 1.5 to 3.2 dB/cm.
The excess loss due to doping of the Ohmic contact regions was obtained by measuring the transmission through different waveguides of the same length, but with different lengths of doping running alongside the waveguide with an edge-to-edge separation of S, with the cross section shown in Fig. 2 . The wavelength dependencies of the doping with S 1.5 μm and S 2.0 μm are shown in Fig. 3(b) , together with simulated loss spectra for the same geometries. With S 2.0 μm, there is almost negligible loss, whereas with S 1.5 μm the loss increases to between 1 and 5 dB/cm, which may be tolerable for PIN diodes with lengths on the order of millimeters. The simulations of the free-carrier absorption due to doping appear to agree relatively well with the experimental measurements.
The insertion loss of the spiral waveguide without Ohmic contact doping, vias, or metal, was 0.8-1.5 dB. When the full PIN diode spiral was fabricated with S 1.5 μm the insertion loss increased to 1.7-3.1 dB. The insertion loss of the MZI modulator with S 1.5 μm was 2.9 dB at 3779 nm. In this device, there was a negligible difference between the insertion losses of the passive MZI and the full MZI with PIN diodes, due to the short 100 μm diode length, suggesting that in this device the doping could be positioned even closer to the waveguide with acceptable loss.
DC electro-optical characterization: The DC electro-optical performance of both the VOA and the MZI were characterized by applying DC forward bias voltages between 0 and 2 V. Figure 4(a) shows the relationship between the injection current per unit diode length (in A/cm) and the absorption due to injected carries (in dB/cm) for spiral VOA devices with varying S. The strong impact of S on the modulation efficiency is clear, with the S 1.5 μm device having the highest efficiency of 380 dB/A and, in its 2 mm length, the device achieves a 34 dB modulation depth with a 2 V bias.
The measured transmission spectra of the MZI with S 1.5 μm are plotted in Fig. 4(c) for varying forward bias voltages applied to only one arm of the MZI. The maximum modulation depth achieved is 22.2 dB. Note that transmission spectra have only been plotted for some of the bias voltages for clarity of the figure. The corresponding change in the effective refractive index and the absorption coefficient at each bias point have been extracted by fitting theoretical MZI transmission curves to the experimental data, with the form [18] 
P in is the optical input power, P out is the output power, and τ 2 i exp−∝ i L, with ∝ i being the absorption coefficient in each arm and L i being the length of each arm. Δφ is the phase difference between the two arms, with the phase given by φ 2πn eff ∕L, where n eff is the effective refractive index. The extracted change of effective refractive index (Δn eff ) has been plotted in Fig. 4(b) as a function of the injection current per unit diode length. The V π L π figure of merit of the MZI modulator is 0.052 V.mm at 2 V bias.
In order to confirm the validity of Eqs. (1) and (2), we have also used the fitted Δα at each bias point to calculate the corresponding change in carrier concentration ΔN from Eq. (1), assuming that in the intrinsic region ΔN ΔN e ΔN h . From this ΔN , we have then calculated the predicted Δn using Eq. (2) and plotted it on Fig. 4(b) . The figure shows that the experimentally fitted Δn eff agrees well with the Δn calculated from the fitted Δα, indicating that Eqs. (1) and (2) are consistent (for the same unknown free-carrier concentration).
AC electro-optical characterization: To characterize the AC response of the modulator, it was driven by a pseudo random Fig. 5(a) . The photodetector used for the measurements is AC coupled and, therefore, does not measure the DC component of the optical signal, making it impossible to extract the extinction ratio of the diagram. The y-axis of the eye diagram is the photodetector output in V.
The MZI modulator was driven in a push-pull configuration with a signal with 0.25 V amplitude and 0.75 V offset using the PIN diodes in both MZI arms and, in this configuration, an open eye diagram was measured at up to 125 Mbit/s, as shown in Fig. 5(b) .
In summary, we have demonstrated SOI carrier junction electroabsorption and electrorefraction modulators for a 3.8 μm wavelength. The electroabsorption modulator achieves a DC modulation depth of 34 dB and an AC data rate of 60 Mbit/s, while the electrorefraction modulator achieves a DC modulation depth of 22.2 dB with a V π L π of 0.052 V.mm and an AC data rate of 125 Mbit/s. The V π L π figure of merit compares favorably to similar published NIR devices [7, 19] .
The MZI modulator measurements indicate that the freecarrier effect equations for this wavelength in Ref. [12] accurately predict the correlation between the absorption coefficient and refractive index changes due to a change in free-carrier concentration, while the measurements of excess loss from doping indicate that the equations also reasonably accurately predict the absolute value of the free-carrier absorption. 
